The effect of calcium (Ca) source and level on site of digestion of an 88% concentrate diet was tested with four 431-kg, intestine-cannulated steers in a 4 • 4 Latin square experiment. Diets, limit-fed at 1.3% of body weight, contained .25% Ca with no supplemental Ca (B), .40 or .48% Ca from addition of either .95% CaCI2-2H20 (CI) or .65% CaCO3 (LL), or 1.11% Ca from addition of 2.5% CaCO 3 (HL). No effects of source of Ca (CaCIf2H20 vs CaCO 3) were observed, although ruminal pH and ruminal ammonia-nitrogen (N) concentrations tended to be lower with CI. Ruminal fluid dilution rate increased linearly (P<.05) with the addition of Ca to the diet. Ruminal fluid dilution rate and volume were negatively related (r=-.72; P<.01). Organic matter (OM) and starch digestibilities in the rumen tended to decline with the addition of Ca to the diet, while postruminal OM and starch disappearance increased (P<.05) to compensate. Flow of N to the duodenum decreased (P>.05) with addition of Ca to the diet. Concentrations of soluble Ca found in ruminal and duodenal fluid increased linearly (P<.05) with dietary Ca intake. Intestinal Ca disappearance increased linearly and quadratically (P<.05) with increasing dietary Ca and exceeded 80% of Ca entering the small intestine. In a second experiment, the rate of in situ dry matter (DM) disappearance of rolled corn was not greatly altered by addition of Ca to the diet.
Introduction
Limestone supplementation of high-concentrate diets to supply more Ca than needed for growth and development of cattle has received considerable attention in recent years (Russell et al., 1980 ; Z]nn and Owens, 1980; Haaland and Tyrrell, 1982; Rust and Owens, 1982) . From a summarization of feeding trials with supplemental limestone, suggested that favorable performance responses were consistent only when the basal diet contained less than .35% Ca. Results have been variable, possibly due to differences in diets, cattle and experimental conditions.
Most cattle experiments investigating Ca supplementation have employed limestone as the source of Ca. Because limestone can both 1 Journal Article No. 4486 of the Agr. Exp. Sta., Oklahoma State Univ., Stillwater 74078.
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Received April 16, 1984 . Accepted April 19, 1985 neutralize acid and provide Ca, either buffering or Ca supply may be responsible for effects. Thus, effects of the level and source of dietary Ca supplied as limestone, or a more soluble Ca source, on ruminal and small intestinal digestion deserve further attention. Calcium chloride, while commonly used as a source of Ca in liquid supplements and dry feeds at .5% of the diet (Garrett, 1976) , depressed intake when added at 1.34% of diet dry matter in a preliminary trial and when fed at about 2% in a feeding study (Rouse, 1978) .
The objectives of this study were to investigate the effects of dietary Ca level and source on site and extent of digestion and on Ca concentrations in ruminal, duodenal and fecal samples.
Materials and Methods

Exp. 1. Four dairy steers (431 kg), fitted
with ruminal and duodenal (T-type) cannulas, were used in a 4 • 4 Latin square design. A negative control diet ( 
~<<~ ride 2 (CaC12-2H20; commercial grade) to the basal diet (LL and C1, respectively), and a fourth diet contained CaCO3 at 2.5% of dry matter (HL). Reagent-grade material was used rather than commercial limestone, although commercial limestone usually contains more than 95% calcium carbonate. Phosphorus levels were similar for all diets (.33%). All diets contained .2% chromic oxide as an indigestible marker. Steers were fed at 0800 and 1700 h on d 1 through 9 and, to stabilize flow of digesta, at 0800 and 2000 h on d 10 through 14 of each 14-d period. Steers housed in 3.1 x 4.6 m pens were fed 63 g dry matter (DM)/kg of metabolic body weight and had free access to water. Daily DM intake was approximately 5,758 g and 1.34% of body weight. Feed intake was limited to ensure complete consumption. Steers were sampled on d 13 and 14 of each period. Immediately before the 0800 h feeding on d 13, steers were intraruminally dosed with 358 mg of cobalt (Co) as cobalt ethylenediamine-tetraacetic acid (CoEDTA; Uden et al., 1980) in 250 ml of deionized water. Samples were obtained from the rumen (approximately 500 ml), duodenum (approximately 250 ml) and rectum at 2, 6 and 10 h after the 0800 h feeding on both days. The pH of the samples was measured immediately. Rumen fluid was strained through four layers of cheesecloth and approximately 50 ml of the filtrate was acidified and frozen. Later, samples were thawed at room temperature, centrifuged at 10,000 x g for 10 min and analyzed for ammonia N (NH3-N; Broderick and Kang, 1980) . A second 50-ml fraction of fresh ruminal fluid was centrifuged at 10,000 • g for 10 min within 1 h after the sample was obtained. The supernatant fluid was refrigerated until it was analyzed for soluble Ca. Ruminal fluid remaining from each sampling time was stored in a .85% NaC1, 37% formalin solution and subjected to bacterial separation as described by Merchen and Satter (1983) . Isolated bacterial cells (IBC) were dried at 55 C and crushed to a fineness suitable for mixing and sampling.
About 50 ml duodenal fluid was strained through cheesecloth, centrifuged and handled as above for .soluble Ca analysis. The remaining 200 ml of duodenal digesta was composited within steer and period, dried at 55 C and ground through a 2-mm screen. Similarly, fecal grab samples were dried, ground and composited within steer and period on a DM basis. Feed samples collected throughout the trial were composited within diet and period and ground through a 2-mm screen.
Calcium content of ruminal and duodenal fluid samples was measured by atomic absorption spectroscopy with the addition of lanthanum (La) to reduce P interference. Feed, duodenal and fecal digesta samples were ashed at 600 C and solubilized with 25% (v/v) HC1 before Ca analysis. Composited feed, duodenal and fecal samples were analyzed for DM, ash, N (AOAC, 1975) , acid detergent fiber (ADF; Goering and Van Soest, 1970) , starch (MacRae and Armstrong, 1968) and chromium (Cr; Hill and Anderson, 1958) . Nucleic acid-N (NAN; NH3-N (AOAC, 1975) concentrations of duodenal samples were also determined. Dry matter, Kjeldahl N and NAN of IBC were measured. Microbial N (MN) in duodenal digesta was calculated by dividing duodenal NAN by the ratio of NAN to N in IBC for each animal period unit. Duodenal microbial material was assumed to possess the same organic matter (OM) content as total duodenal samples. Microbial OM (MOM) in duodenal samples was calculated by dividing duodenal MN by N content of IBC based on the assumption that OM:N:NAN was similar for protozoa, ruminal bacteria and IBC. Microbial efficiency was expressed as g MN/kg OM truly fermented in the rumen. Ruminal and total digestibilities were estimated by ratios of feed constituents to Cr in composited feed, duodenal and fecal samples. Postruminal digestion was calculated by difference. Feed N entering the duodenum was designated as the difference between total N and MN plus NH3-N. Endogenous N contributions were assumed to be small and constant for all treatments.
Exp. 2. Four animals (two Angus x Hereford heifers and two Brahman x Hereford steers; 302 kg) fitted with rumen cannulas (10.2 cm id), were used in a 4 x 4 Latin square design with 14-d periods. Animals, housed in metabolism crates, were fed at 0800 and 1700 h on d 1 through 8 and at 0800 and 2000 h on d 9 through 14. Diets (table 1) were fed at 1.3% body weight (DM) to ensure complete feed consumption, a level slightly lower than used in Exp. 1. Approximately 1.5 g of finely rolled corn (air dry) was placed in duplicate Dacron bags (11.4 • 7.6 cm, 25 to 75 /am pore sizes). The bags were introduced into the rumen via cannula at separate times and withdrawn together for incubation times of 4, 8, 12, 24 and 72 h. Upon removal from the rumen, the bags were washed with tap water until the rinse fluid was clear, and then dried at 100 C. Rate constants for DM disappearance were calculated by linear regression against time of the natural logarithm of potentially digestible residual DM. Residue remaining in bags after 72 h was considered to be indigestible.
Data were analyzed by analysis of variance considering animal, period and treatment in the statistical model. Linear and quadratic effects of Ca level were checked (assuming that the Ca content of the C1 and LL diets was the average of their individual means), and a contrast between C1 and LL diets was performed to determine the effect of Ca source at one level of Ca.
R~uIt$ and Discussion
Exp. I. Composition of diets (table 1) was similar except for Ca and ADF content. Calcium concentrations for all diets were slightly higher than anticipated from diet composition. The variable ADF content of diets may be due to analytical difficulties at low dietary ADF levels. Treatment means of IBC N (table 2) did not differ, although N content slightly exceeded the 7.77% average suggested by ~rskov (1982) . The NAN to N (NAN:N) ratios of IBC tended to be greater with the LL than the C1 diet. Reasons for this change are not apparent. If NAN:N ratio of free-floating ruminal bacteria change during a feeding cycle (Gillett et al., 1983) , then these values should represent a mean within a feeding interval because bacterial cells were harvested at 2, 6 and 10 h postfeeding.
Ruminal pH (table 3) was higher than expected for a high-concentrate diet, which may reflect the low level of feed intake. Similarly, ruminal pH of these steers fed an 80% concentrate diet at 1.8% of body weight ranged from 6.58 to 6.65 at 2 h, 6.45 to 6.58 at 6 h and 6.62 to 6.69 at 10 h after feeding (Goetsch and Owens, 1985) . Ruminal pH at 2, 6 and 10 h after feeding (table 3) did not differ with dietary Ca. Lack of an increase in ruminal pH with limestone supplementation supports results with steers fed 55% cracked corn diets (Haaland and Tyrrell, 1982) . Limestone may not elicit increases in ruminal pH with diets and levels of intake that produce a relatively high baseline pH . Ruminal pH was consistently lower with C1 than LL, supporting the idea that acidosis may have been responsible for the depressions in feed intake with calcium chloride fed at higher levels (Rouse, 1978) . Fecal pH increased linearly (P<.10) with dietary Ca, as other researchers have reported (Krause and Britton, 1979; Haaland and Tyrrell, 1982; Laudert and Matsushima, 1982) . Ruminal NH3-N tended to be greater for the limestone-supplemented diets (LL and HL), as compared with the B and C1 diets (table 3) . No explanation is apparent because ruminal escape of feed protein and ruminal pH were not greatly altered with added Ca, although MN entering the duodenum (table 4) tended to be greatest for B and C1, the treatments that produced the lowest NH3-N concentrations. Ruminal-fluid dilution rates increased linearly (P<.05) with Ca level. Changes in ruminal volume and fluid dilution rate were not correlated with ruminal-soluble Ca levels and do not support simple effects of varied ruminal osmolality. Neither ruminal-fluid dilution rate nor volume were correlated with ruminalsoluble Ca levels. Ruminal-fluid dilution rate and pH at 2 h were correlated (r=.64; P<.01). Faster fluid dilution rate after feeding might remove digesta particles from fermentation, lessen microbial acid production and maintain pH higher. Ruminal-fluid volumes decreased linearly (P<.05) with dietary Ca. Ruminal volume was inversely related to fluid dilution rate (r =-.72 ; P<.01 ).
Rumen OM digestion coefficients corrected for microbial contributions (table 4) decreased linearly (P<.13) with added Ca, in support of in vitro results of Owens and Arp (1983) , but in contrast with data of Zinn and Owens (1980) . Calcium requirements for microbial fermentation of starch have received limited research attention, although several studies have tested effects of Ca on cellulose or fiber digestion in vitro. Hubbert et al. (1958) found that Ca levels up to 300 ppm increased cellulose digestion by ruminal microbes, while a higher level (450 ppm) inhibited digestion. Bryant (1973) (Durand and Kawashima, 1980) . Decreased ruminal digestibility may also relate to the increased rate of ruminal passage of fluid and presumably solids (not measured) with added Ca. Ruminal OM digestion and fluid dilution rate were negatively correlated (r=-.59; P<.02). Fluid dilution rate was also negatively related to duodenal passage of MN and microbial efficiency (table 5; r=-.52; P<.04 and r=-.43; P<.10). Correlations of duodenal MN flow with ruminal pH were high (2 h: r=-.88, P<.01; 6 h: r=-.82, P<.01; 10 h: r=-.75, P<.01). Further, OM truly fermented was negatively related to ruminal pH at 2 (r=-.82, P<.O1), 6 (r=-.84, P<.O1) and 10 h postfeeding (r=-.74, P<.01).
Postruminal OM disappearance compensated for differences in OM digestion in the rumen and increased (P<.05) with dietary Ca. Limestone additions (1 and 2%) to 80% cracked-corn diets increased small intestinal OM digestion (Laudert and Matsushima, 1982) , although other results have not been consistent . Total-tract OM digestibilities also tended to increase (P<.IO) with dietary Ca.
Both ruminal and postruminal digestion of starch decreased linearly with increasing dietary Ca level (ruminal, P<.05; postruminal, P<.10), in contrast with a report by Zinn and Owens (1980) . Ruminal starch disappearance was not altered with limestone supplementation of 80% cracked-corn diets in research by Laudert and Matsushima (1982) . These discrepancies may be due to different experimental techniques and different limestone sources and Ca availabilities in the rumen, as well as differences in feed intake and cattle breed, which might alter the degree of mastication. Starch digestion was not related to ruminal soluble Ca. Extent of ruralhal starch digestion was negatively related to pH at 2 (r=-.48, P<.07), 6 (r=-.42, P<.11) and 10 h after feeding (r=-.34, P<.20) . Laudert and Matsushima (1982) noted increased intestinal starch disappearance with limestone supplementation, while Zinn and Owens (1980) did not. Duodenal pH tended to be greater (table 3, P>.05) for both CaCO3 diets (LL and HL). This observation is similar to one previous report (Zinn and Owens, 1980) , but conflicts with another (Laudert and Matsushima, 1982) .
Postruminal starch digestion coefficients for CI and LL diets were similar. Total-tract starch digestion tended to be greater with higher Ca levels. Postruminal digestion more than compensated for the depression in ruminal digestion with added Ca. suggested that an increase in intestinal Ca might serve to stabilize amylase and enhance amylase integrity or activity. However, postruminal starch disappearance was not related to total or soluble duodenal Ca levels or Ca source.
Although fecal pH was highest and fecal starch was lowest with the HL diet, the correlation between fecal pH and fecal starch was low (r=-.008, P<.98), suggesting that fecal pH can be elevated by addition of dietary Ca, but that an elevated fecal pH may not be accompanied by a decreased fecal starch concentration.
Disappearance of ADF in the rumen and total tract was quite similar (table 4), and not altered (P>.05) by treatment. However, ruminal ADF digestion was positively related to pH at 2 (r=.47, P<.07), 6 (r=.49, P<.06)and 10 h postfeeding (r--.54, P<.04). The period of time during which ruminal contents are below a pH of 6 to 6.2 appears to be correlated with fiber digestion in situ and in the total tract (Franklin et al., 1981) .
Soluble-Ca concentration in the rumen (table 5) was negatively related to ruminal ADF digestion (r=-.50, P<.05). Depressed fiber digestion also could reduce starch digestion by decreasing the exposure of starch for digestion, or by interfering with starch digestion in the small intestine.
Total N entering the duodenum was slightly lower (P>.05) for steers fed the LL and HL diets than for those fed the B and C1 steers, primarily due to a slight decrease (P>.05) in flow Durand and Kawashima (1980) and are above the levels found with lambs fed Ca-deficient diets (Owens and Arp, 1983) . Calcium concentrations in duodenal fluid varied directly (P<.05) with Ca intake and indicate that abomasal conditions totally solubilized Ca from dietary CaCO3.
Duodenal Ca flow (table 5) exceeded Ca intake with all diets. The diet presumably is the primary source of Ca (Durand and Kawashima, 1980) , and recycling via saliva should have added only 1 to 2 g daily (McDougall, 1948) . The total endogenous contribution to fecal Ca is reasonably constant at 4 to 7 g daily but can vary with body weight Visek et al., 1953) . Perhaps diet-adaptation periods should have been longer than 12 d. But sampling problems also may be involved. Calcium insoluble in the rumen may separate from ruminal contents and flow intermittently to the abomasum. This would cause variation in concentrations with time after feeding and could result in sampling errors. Alternatively, a greater amount of Ca may be recycled to the rumino-reticulum, omasum or abomasum with high-grain diets to aid in activation of amylase.
Fecal Ca output and intestinal disappearance increased linearly and quadratically (P<.05) with dietary Ca, while duodenal Ca flow increased linearly (P<.05). Intestinal Ca disappearance, as a percentage of Ca entering the duodenum, ranged from 82 to 93% and did not vary with Ca source or level. Total Ca availability (79, 71, 85 and 87% for B, C1, LL and HL diets, respectively) exceeded the estimates of true Ca availability of 70, 45 and 50% by various NRC committees (1970, 1978, 1984) , but may be due to differences in animal age and Ca source (NRC, 1978 (NRC, , 1984 . Disappearance from the intestines does not identify absorption or deposition site or fate of Ca.
Exp. 2. Dry matter disappearance from roUed corn was low with all diets (table 6), reflecting a need for mastication of rolled corn for extensive degradation in the rumen (Galyean et al., 1981) . Rate constants for DM disappearance from 4 to 24 h of rumen exposure (table 6) did not markedly vary with diet.
In conclusion, Ca source had no influence on site of digestion with limit-fed cattle. Calcium level, however, altered digestion by reducing OM and starch digestion in the rumen, leaving more to be digested postruminally.
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